Abstract. We have examined various biochemical parameters of pulmonary inflammation in experimental animals. Intrabronchial instillation ofglucose oxidase-glucose (GO/G) to produce oxidants or formylated norleu-leu-phe (FNLP) or phorbol myristate acetate (PMA) as leukocytic stimuli induced severe acute pulmonary injury in New Zealand white rabbits. PMA also induced inflammation when administered intravenously. Each stimulus induced transudation of protein from the vascular space into the pulmonary tissues, and an influx of leukocytes during the 4-6 h period of the experiment. Pathophysiologic changes were measured by edema formation (transudation of '251-bovine serum albumin), and histologic examination. Biochemical analysis was performed by measuring concentrations of potentially injurious agents in bronchoalveolar lavage (BAL) fluid. Increased acid protease and myeloperoxidase levels were found in the BAL fluid after administration of either of the stimuli.
Introduction
Inflammation is the product of cellular and humoral effectors. Evidence recently obtained from patients with acute respiratory distress syndrome in both adults and neonates, in whom many general features of pulmonary inflammation are condensed over a short period of time, indicated that at least two important pathogenic effectors were present in the pulmonary tissues. These were neutrophil elastase (1-3) and oxidants (4) . The presence of these has also been demonstrated in chronic pulmonary inflammation: lavage fluids from cigarette smokers contained active neutrophil elastase, which was not bound to a,-proteinase inhibitor (a,-PI),' because the latter is easily oxidized at the active site and inactivated (5) (6) (7) . Both leukocyte elastase and oxidants, administered exogenously, have been shown to lead to severe pulmonary injury in experimental animals (8, 9) . Intravenous perfusion of rabbit lungs with normal human neutrophils stimulated with phorbolester also induced severe inflammatory injury, whereas perfusion with similarly treated neutrophils from patients with chronic granulomatous disease did not (10) .
Activation of the complement system with cobra venom factor or thermal injury induced an increase in pulmonary vascular permeability in rats which could be prevented by neutrophil depletion (1 1, 12) . Partial protection from pulmonary injury was observed when hydroxyl radical scavengers were administered (13) .
In these studies, however, information has not been provided as to whether effector (mediating) systems were generated in situ by the treatment within the experimental animal. Evidence that stimulated leukocytes do produce oxidants in vivo is lacking. It is also unclear as to whether generation of oxidants in the lung can induce protease release and vice versa. Without information regarding the question of whether specific mediators are generated and whether these stimulate release of other mediators, it is not possible to define the role of each in the pathogenesis.
To gain more information about the biochemical processes involved in pulmonary inflammation, we have employed a rabbit model using as inciting agents, either glucose oxidase-glucose (GO/G) to produce directly oxidants, or formylated norleu-leuphe (FNLP) or phorbol myristate acetate (PMA) as leukocytic stimuli. Bronchoalveolar lavage (BAL) fluids were then obtained to measure the presence of leukocytic enzymes, especially proteases, and evidence of oxidant generation in vivo. These biochemical data were then correlated with pathophysiologic changes of the developing injury. We also sought to determine the sources of enzymes and oxidants released in the pulmonary tissues. The capacity to measure the generation of oxidants, proteolytic enzymes, and other potential mediators of inflammation is essential for the proper evaluation oftherapeutic agents presumed to inhibit components of these systems.
Methods
Materials. Glucose oxidase (from Aspergillus niger, type V), catalase (from bovine liver), bovine serum albumin (essentially globulin-free), 3-amino-1,2,4 triazole, and reduced and oxidized glutathione were obtained from Sigma Chemical Co. (St. Louis, MO). Glucose oxidase and catalase were diluted in phosphate-buffered saline (final pH 6.6) and kept on ice. To heat inactivate them, they were kept at 700 for 50 min.
Bovine serum albumin (BSA) was radioiodinated (125NaI, 100 mCi/ ml, Amersham Corp., Arlington Heights, IL) according to the chloramine T method (14 Preparation ofsamples. Within 2 min of killing 3 ml of saline containing -500 cpm/ml '3'I-BSA as a marker of dilution was instilled into one lower lobe through a fine cannula which was left in place for 10 min, at which time another 1 ml of saline plus 13'I-BSA was added. Fluid in this lobe was gently aspirated. This procedure yielded more reproducible results than were obtained with immediate withdrawal of the lavage. Inasmuch as lavages did not contain any 5"Cr radioactivity, '31I-BSA could be used as a marker of dilution. The amount of 1311_ BSA used was too small to interfere with the 5"Cr counts in the whole lungs.
Gross and microscopic examination revealed that as little as 0.5 ml of 2% gelatin containing colloidal carbon administered in the mainstem bronchus of an excised lung reached the alveolar space within 5 s. This suggested that lavage fluids were in contact with the terminal bronchioles and alveolar spaces. The possibility must nevertheless be considered that variation in protein binding to pulmonary structures may exist, and that differences in the efficiency of recovery of different enzymes cannot be excluded.
The recovered lavage fluid was centrifuged at 3,000 g for 10 s, and the cell-free supernatant snap-frozen. Erythrocytes in the cell pellet were lysed with 1 ml of 0.87% NH4Cl for 5 min. After centrifugation and resuspension in 0.5 ml of PBS, the cells (>85% macrophages) were counted and lysed by freeze-thawing three times in H20.
After taking small sections for light microscopy through the midportion of each lower lobe, lungs were rapidly frozen and radioactivity was determined by counting the whole lungs. After lyophilization the lungs were weighed and powdered in liquid N2, and aliquots were lysed in 1% Triton X-100 and I mM EDTA (50 mg dry wt/ml). The supernatant after centrifugation was immediately analyzed for total glutathione. Neutrophil depletion. Rabbits were depleted of neutrophils with an intravenous injection of 1 Bohl, and C. G. Cochrane, manuscript submitted for publication). 20 gg of immunopurified goat anti-rabbit F(ab')2 were placed into microtiter wells. After incubation and washing, standards containing 1-20 ng of catalase or lavage fluids were added. Next, I ig of immunopurified goat anti-rabbit catalase was added, followed by 3 ,g rabbit antibody to goat immunoglobulin Fc. This step was necessary, because the goat antibody did not bind protein A. Finally, glucose oxidase complexed to protein A was added, and the color formation in the presence of o-phenylene diamine, horseradish peroxidase, and glucose, stopped with H2SO4, was read at 492 nm. A linear relationship existed between the concentration of rabbit catalase or sample dilutions and the absorbance reading.
Determination oftotalglutathione. The sum ofreduced and oxidized glutathione was determined by following the disappearance of reduced nicotinamide adenine dinucleotide phosphate at 340 nm in the presence of glutathione reductase and 5,5'-dithiobis-(2-nitrobenzoic acid) (22) .
Results
Lung injuryproduced by GO/G. The instillation oftwo different doses ofglucose oxidase (150 and 250 units) plus 20 mg glucose induced acute lung injury by 2 h, as evidenced by a >10-fold increase in vascular permeability in the lungs as compared with the negative control (Table I) . Acid protease and myeloperoxidase levels in the BAL fluid increased concomitantly. A fall in arterial Po2 from an average of 75 to 55 mmHg accompanied the development ofthe injury. Histologically, we observed severe edema formation in the interstitial and alveolar spaces with few neutrophils present (Fig. 1 ). Table II ).
At 6 h, a diffuse inflammatory reaction was observed histologically with moderate edema formation, neutrophils present in the septal tissues and alveolar spaces. Accumulation of neutrophils was dominant at 6 h (see Fig. 3 ). By 24 AT in control animals receiving saline intrabronchially caused a small decrease in specific catalase activity, probably due to nonspecific stimulation of neutrophils or resident macrophages.
In 22 rabbits receiving GO/G or a double injection of FNLP, AT caused a decrease of catalase specific activity in the lavage fluid of 70-90% (Table III) . This represented indirect evidence of in vivo H202 formation in the FNLP-induced pulmonary inflammation. Neutrophil depletion had no influence on inhibition of catalase by AT in GO/G animals, but in animals receiving FNLP, neutrophil depletion prevented most of the inhibition of catalase by AT (Table III) . This suggested that at (Table IV) . After instillation of FNLP, a diminution of glutathione was also observed. An almost complete protection from loss of cellular glutathione was observed in animals which were neutrophil depleted.
When GO/G were instilled intrabronchially only a moderate diminution in cellular glutathione levels was observed after 2 h. This was prevented by the addition of catalase given intrabronchially. (Table IV) . In order to establish the role of oxygen metabolites in neutrophil-mediated injury, superoxide dismutase (SOD) and catalase were given intrabronchially together with FNLP or PMA. SOD but not catalase protected from most of the loss of intracellular glutathione (Table V) in whole lung tissue of animals treated with FNLP two times. In macrophages and in PMA-treated animals, the protection with SOD was not quite as effective. It should be noted that depletion ofglutathione in whole lung tissue by PMA was greater than that with FNLP, and hence protection with SOD and catalase would be more difficult.
Discussion
The present study provides evidence for the presence of oxidants and proteases, generated in situ during the development of in- flammatory injury ofthe lung in rabbits. The injury was induced by administration of the leukocytic stimuli, FNLP and PMA. The stimuli were given intrabronchially and intravenously. The generation of oxidants in vivo. One of the major objectives of this study was to detect the presence of oxidants generated in the inflammatory site. We employed two means to accomplish this: the inactivation of catalase complexed with H202 by AT (see Methods) as a measure of H202 generation, and the depletion of the intracellular antioxidant, reduced glutathione (GSH). In a study ofpulmonary inflammation in rhesus monkeys, to be reported separately, the oxidative inactivation of a,-PI has also been employed to indicate the generation of oxidants in vivo as it has been used in acute pulmonary inflammatory disease of human beings (4). Rabbit a,-PI is less susceptible to oxidation and could not be used as an indicator of oxidant formation in this species.
The inactivation of catalase by AT in the extracellular fluid in inflamed lungs of rabbits was measured by the loss of specific activity of the catalase (Table III) . Several observations support the possibility that H202 was complexed with the catalase before inactivation by AT: extracellular catalase in control rabbits or rabbits depleted of neutrophils (the major contributor of oxidants) was not inactivated by AT in vivo; the generation of H202 by GO/G in the lungs of normal rabbits brought about inactivation of catalase only in the presence of AT; and inactivation of catalase by proteases, oxidants, etc., did not occur because the specific activity of the catalase fell only in the inflamed lungs of rabbits given AT. Studies conducted in vitro established that catalase is inactivated by AT only when it is complexed with H202 (17, 23) .
Although there is a spectral change in catalase-H202 complex after inactivation with AT (24) , this change has not been shown to be an absolute indication of the presence of H202 and its demonstration was therefore not attempted in this study. It should therefore be emphasized that these data are indirect in their support of the conclusion that H202 is generated during the development of pulmonary inflammation.
The predominant source of H202 appeared to be the neutrophil, although we cannot exclude the possibility that H202 was generated by other cells that might be stimulated by the neutrophils. Nevertheless, the generation of H202 in greatest part required the presence of neutrophils when either FNLP or PMA was used as stimulant.
Concentrations of catalase in the lavage fluid were higher in rabbits with inflammatory lung injury. The source ofcatalase was probably cells undergoing lytic injury during the development of inflammation, in that there was an apparent correlation of catalase levels and concentrations of lactate dehydrogenase in the BAL fluids. With PMA as stimulant, the extracellular catalase concentrations were considerably higher than when FNLP was used. The decrease in specific activity in the presence of AT was somewhat less than that when FNLP was (27) . Furthermore, oxidized glutathione (GSSG) appears in the perfusate of isolated lungs or liver treated with hyperbaric oxygen (28) or hydroperoxides (29, 30) . The rate of GSSG release is dependent on the amount ofhydroperoxide utilized (31) , and H202 generated intracellularly also gives rise to an increased GSSG release (30). Increased concentrations of intracellular GSSG can deleteriously affect the conformation or activity of thiol-containing proteins by disulfide interchange - (32, 33) and are assumed to be removed from the cell by a translocase which has been characterized in erythrocytes (34) . These data taken together make it probable that the substantial loss of total glutathione after leukocytic stimulation is caused by oxidation even though we did not determine the escape of GSSG in vivo. Intracellular GSSG levels were only marginally increased (data not shown). We cannot exclude the possibility that part of the loss of intracellular glutathione was due to formation of mixed disulfides between protein and glutathione which cannot be determined by our assay procedure. The data suggest that oxidants are generated rapidly and consistantly during a 4-6-h period in the case of PMA-induced injury, and, with FNLP, in the first hour and again after the second stimulation with FNLP. The generation of oxidants by leukocytes stimulated with PMA is known to persist, whereas that with FNLP occurs as a burst during a 10-min period after stimulation. The detection of oxidants by the three methods noted above depends upon several factors which vary with each stimulus and with each assay. These factors include the number of infiltrating leukocytes, the local concentration of stimulant at the time of leukocytic accumulation, the duration of stimulation, the concentration ofextracellular antioxidants, the rate of transudation of a,-PI in cases where its specific activity is measured, and, for the intracellular levels of glutathione, the rate of synthesis and either loss from the cell or metabolization within the cell. Studies in the whole animal do not allow definition of these variables, but measure net effects only.
In vivo the administration of xanthine oxidase-xanthine or GO/G caused severe pulmonary injury in rats (9) and in rabbits (Table I) , which could be inhibited by SOD or catalase respectively. Intravenously administered catalase similarly inhibited edema formation induced by cobra venom factor (11) . Nev (43) , but initiates the production of other more active oxygen species. H202 formed by the GO/ G system-or its breakdown products-was sufficient to induce edema formation. In vitro experiments (unpublished data) have shown that the slow formation of H202 is sufficient to induce a loss of intracellular glutathione activity. Under in vivo conditions, however, SOD but not catalase could protect from a loss ofintracellular glutathione, probably due either to its better accessibility on the vascular side and the interstitium because of its lower molecular weight, or to the fact that catalase does not scavenge low concentrations of H202 very efficiently.
The presence of proteases from leukocytes in situ was seen with either FNLP or PMA, used as inciting agents, and appeared in parallel with the presence of oxidants. There is little possibility that the protease activity in the BAL fluids-though not characterized by their molecular weight-derived from cells other than neutrophils or macrophages. The pH maximum for cleavage of hemoglobin was at pH 2.5, characteristic for neutrophil-derived cathepsin E. In the present study no attempt was made to find evidence for the hydrolysis of basement membrane, but the appearance of erythrocytes in the BAL fluid after PMA injury might be an indication for the participation of proteases in the mediation of injury. In experimental glomerulitis large protein molecules and erythrocytes cleared the filtering glomerular basement membrane of rabbits with neutrophil mediated injury, and basement membrane degradation products could be demonstrated in the urine (44, 45) . In isolated rabbit lungs perfused with elastase severe edema formation was ob-served (8) , histologically characterized by injury ofthe endothelial cell lining and the vascular basement membrane. Injury induced by GO/G, presumed to be primarily caused by oxidant, showed high protease levels in the BAL fluids. This indicated that leukocytes were at least indirectly involved either due to direct stimulation of enzyme release by oxidants (46) and/or by the formation or release of PMN stimulatory substances or due to cell lysis. Depletion of neutrophils in these animals showed that the PMN was not of importance in the development of edema under these conditions. Removal of H202 by catalase led to diminution of protease activity in the BAL fluid in the GO/Gtreated animals. A relationship appears to exist between the presence of oxidants, generated in situ, and the appearance of extracellular proteases. It will be important to define the relationship between oxidants and proteases in the development of pulmonary injury when other agents are used to induce injury.
Although proteases and oxidants are both known to produce injury of tissue, the present data do not distinguish between them in evoking injury of the lung, nor do they preclude the possibility that other effectors play a role in development of the observed pulmonary inflammation. The marked inhibition of injury resulting from depletion ofPMNs, however, suggests that these cells play a control role in the production of proteases, oxidants, or other mediators that may be important in the development of acute pulmonary injury in rabbits.
